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Abstract 
In this paper, we propose an all-optical high-speed half adder based on linear defects in a 
photonic crystal (PhC) structure composed of silicon rods. The proper design of half adder 
results in no need to increase the intensity of the input optical signal for the appearance of the 
nonlinear Kerr effect, which leads to diverting the incoming light toward the desired output. 
The proposed device consists of four optical waveguides and a defect in a square lattice PhC. 
Two famous plane wave expansion and finite difference time domain methods are used to study 
and analyze photonic band structure and light propagation inside the PhC, respectively. The 
presented structure, the ON-OFF contrast ratios for Sum and Carry, are 16dB and 14dB, 
respectively.  Our simulation results reveal the proposed half adder has a maximum delay time 
of 0.7 ps with a total footprint of 158 µm2. Due to very low delay time, high contrast ratio, and 
small footprint that are more crucial in modern optoelectronic technologies, this structure can 
be used in the next generation of all-optical high-speed central processing units.  
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1. Introduction 
Photon based devices have been the focus of researchers in recent decades. It is due to their 
high processing speed, small area, and low power consumption. Organizing the optical 
communication systems based on high-speed devices is one of the human concerns that is 
growing at high speed. Information or data processing is very important in optical networks. 
For realizing an all-optical data processing system, we need all-optical logic-based devices. 
One important device for implementing optical data processing is an all-optical half adder 
because all four basic mathematical operations such as addition, subtraction, multiplication, 
and division can be performed using optical half adders [1–5]. Photonic crystals (PhCs) can 
play key roles in the all-optical systems and networks [6,7]. The existence of photonic band 
gaps (PBGs) in the certain frequency range of these periodic structures gives them the ability 
to confine and control the propagation of light at desired waveguides [8–10]. Therefore, many 
optical devices such as optical filters [11–13], PhC fibers [14–18], demultiplexers [19–24], 
switches [10,25,26] logic gates such as NOT, AND, OR, NAND, encoder, and decoder [27–
29] and analog to digital converters (ADCs) [30–34] have been designed using this property of 
the PhCs. Recently, all-optical half adders have been designed and investigated based on PhCs. 
Most of the previously proposed logic gates can be classified into two main categories: 
nonlinear Kerr-effect-based structures and linear phase-difference-based structures. The Kerr-
effect base structure requires high input power to appear the nonlinear Kerr effect. However, 
in this case, damaging the structure is probable. It is due to using a high intensity of the input 
optical signal. Researchers presented different structures of half adder so far. Jiang et al [5] 
proposed an optical half adder using self-collimated beams inside 2D PhCs. The presented 
structure was realized by introducing two line defects inside the structure, which can work as 
a power splitter. Ghadrdan et al [35] proposed a PhC-based half adder by combining AND and 
XOR gates, inside a 2D PC structure. Xavier et al. [36] presented another PhC-based half adder 
by combining line defects and self-collimated beams inside 2D PhC. The proposed structure 
was composed of AND and XOR logic gates. Rahmani and Mehdizadeh [37] proposed an 
optical half adder using three nonlinear ring resonators inside 2D PhC. The nonlinear 
resonators were created by adding some nonlinear rods to the PhC-based ring resonator 
structure. The maximum rise and fall times of their proposed structure are about 1.5 and 1 ps, 
respectively. Several optical half-adder devices have been reported with other authors so far 
[4,28,38,39].  In this paper, we design a linear phase-difference-based half adder structure with 
a low input optical power. It has a good capability to separate logics 0 and 1 at the outputs. To 
confine and guide the light in the waveguides and defect region, we need the wavelengths 
which are in the PBG of the PhC. Thus, the proposed structure is simulated at the c-band 
communication window (at 1550 nm). One property of this half adder is a relatively large 
difference between the two logical levels. It has also low delay time, low input power, and 
small footprint. All this results in an error reduction for a high-speed data processing system. 
The rest of the paper is organized as follows: In Section 2, we present the design procedure of 
the proposed half adder. Numerical results accompanied by discussions are given in Section 3, 
and finally, the paper is closed by the conclusion in Section 4. 
2. PhC structure and proposed half adder 
A half adder is used to add two single binary digits and provide the output plus with a carry 
value. We assign symbols X and Y to the two inputs and Sum and Carry to the outputs. The 
common representation uses an XOR logic gate and an AND logic gate. In fact, Sum=X⊕Y 
and Carry=X·Y where ⊕ sign stands for XOR and · sign stands for AND. The Carry output is 
1 only when both inputs are 1. The Sum output represents the least significant bit of the sum. 
In fact, half adder is the basic building block of an arithmetic logic unit which is used in every 
optical central processing unit (CPU) to provide computational operators.  
    Figure 1 represents the block diagram and truth table of a half adder. As can be observed in 
the figure, a half adder has two inputs and two outputs. The output ports are S and C, where S 
stands for the sum, and C stands for the carry. Also, X and Y are the input ports of the half 
adder. To design an all-optical half adder, we employ a 21*21 array of dielectric rods with a 
square lattice in air background. The refractive index of dielectric rods is 3.46. The radius of 
rods is r=0.2*a, where a is the lattice constant of the PhC structure that is 600 nm. We 
calculated the band diagram of the fundamental structure using the plane wave expansion 
(PWE) method [40]. According to Fig. 2, there are two PBGs in TM mode (blue color areas). 
The first PBG in TM mode that is 0.285<a/λ<0.418, has the appropriate frequency range for 
our goals. By choosing the lattice constant of a = 600 nm, the PBG will be at 1435 nm<λ< 
2105 nm, which completely covers the wavelength range of the C-band communication 
window.  
 Fig. 1. (a) Block diagram, and (b) truth table of an all-optical half adder. 
 
Fig. 2. Photonic TM- and TE-mode band diagrams of a fundamental square lattice PhC structure with 
rod radius of r=120 nm and lattice constant of a=600 nm.  
 
Fig .3. The proposed all-optical half adder in a square lattice PhC composed of silicon rods with r=120 
nm, R1=60 nm, and R2=30 nm and a=600 nm. 
 
 
For all-optical half-adder design in a 21×21 array of dielectric rods, four optical waveguides 
and one resonant cavity are created in certain regions of the PhC structure shown in Fig. 3. 
Indeed, the combination of W1, W2, W3, and W4 waveguides with resonant cavity build our 
optical half adder. The defect region contains 10 folds dielectric rods in which the radius of 9 
folds of defect rods (R1) is 60 nm. The radius of the last defect rod (R2) shown by yellow is 30 
nm. It is located at the input of W4. The end paths of W3 and W4 are the S and C ports of the 
proposed half adder, respectively. X and Y are the input ports of the half adder at the beginning 
of the W1 and W2, respectively.  
3. Numerical results and discussions  
In order to simulate the proposed structure, we used the finite-difference time-domain (FDTD) 
method [41,42]. Performing a 3D simulation for studying the proposed structure requires a 
powerful computer as well as a long simulation time. Due to time and memory limitations, we 
applied the effective refractive index method to reduce 3D simulations into 2D simulations 
with acceptable accuracy [43]. The proposed half adder has 2 input ports, so we have 4 
different input states. Therefore, we employed optical waves with a central wavelength of 1550 
nm at the input port. All cases of the half adder are shown in Fig. 4 and classified as follows: 
Case 1: When both input ports (X and Y) are OFF, there is no optical power inside the 
structure; therefore, both output ports (S and C) will be OFF. 
Case 2 and Case 3: When one of the input ports (either X or Y) is ON due to wavelength 
matching between the resonant mode of the resonant cavity and input signal, the resonant cavity 
will couple the optical beams into W3. Therefore, in these cases, S will be ON and C will be 
OFF. 
Case 4: When both input ports (both X and Y) are ON, the resonant cavity will couple optical 
beams into W4. Therefore, in this case, S will be OFF and C will be ON.  
   Comparing the obtained results with the truth table shown in Fig. 1(b), it is confirmed that 
the proposed structure can operate as an all-optical half adder. The normalized output of the 
proposed structure is shown in Fig. 5. As shown in Fig. 5(a), when the input port of X is ON, 
the normalized intensities of S and C ports are 75% and 5%, respectively. In this case, the delay 
time is about 0.7 ps. Figure 5(b) demonstrates, when the Y input port is ON, the normalized 
intensities of S and C ports are 85% and 2% respectively. In this case, the delay time is about 
0.8ps. Figure 5(c) shows when both input ports are ON, the normalized intensities of S and C 
ports are 2% and 125%, respectively. In this case, the delay time is about 0.7 ps. The obtained 
results show that our proposed structure has a shorter delay, a lower input power (equal to 1 
W/µm2 because we don’t use nonlinearity) and a smaller footprint in comparison to previously 
reported structures. Also, Considering these results, the ON-OFF contrast ratios 
(10×Log(PON/POFF)) for both SUM and CARRY ports are 16 dB and 14 dB, respectively. Also, 
according to the presented diagrams, the maximum delay time is about 0.7 ps. We considered 
the time required for the output port to reach its steady-state as the delay time.  
  
  
Fig. 4. Light propagation inside the proposed half adder for (a) Case 1 (b) Case 2, (c) Case 3, and (d) 
Case 4.  
 
  
Fig. 5. Normalized output power versus time of the proposed half adder for (a) Case 2 (b) Case 3, and 
(c) Case 4. 
Table 1 represents the comparison of the proposed device performance with other published 
papers [4,5,35–38,44,45]. As can be observed the minimum transmission of logic 1 and the 
maximum transmission of logic 0 are 4% and 75%, respectively. The calculations also 
demonstrate the proposed half adder has a delay of 0.7 ps due to having a small footprint of 
158 µm2. 
 
4. Conclusion 
In this paper, we designed an ultrafast all-optical half adder based on a photonic crystal 
microstructure in an area of 158 µm2. The photonic band diagram was calculated using the 
plane wave expansion method for TE and TM polarization modes. We also studied the light 
propagation in the device via the finite-difference time-domain method and calculated the 
outputs for different values of input ports. One of the most important advantages of our 
structure compared to similar studies was the non-use of high nonlinear dielectric rods. This 
resulted in no need to increase the input power to divert the incoming light emission to the 
desired output. Simulations revealed the minimum transmission of logic 1 and the maximum 
transmission of logic 0 are 4% and 75%, respectively. The calculations also demonstrated the 
proposed half adder has a delay of 0.7 ps due to having a small area. All this makes it an 
appropriate building block of photonic integrated circuits, especially in the next generation of 
optical computers. 
Table 1: Comparison of the proposed half adder with other published papers. 
Works Method Min power for 
logic 1 
Max power for 
logic 0 
time 
delay 
footprint 
Ref. [5] self-collimation 50% 7% - - 
Ref. [35] nonlinear 81% 22% 0.85 ps 168 µm2 
Ref. [36] self-collimation 73% 24% - 169 µm2 
Ref. [37] nonlinear 100% 0% 1 ps - 
Ref. [4] nonlinear 96% 4% 3.6 ps 250 µm2 
Ref. [28] linear 71% 22% - - 
Ref. [38] nonlinear 95% - 0.91 ps - 
Ref. [44] linear 95% 19% 4 ps 1056 µm2 
Ref. [45] linear 45% 19% 0.48 ps 171 µm2 
This work linear 75% 5% 0.7 ps 158 µm2 
 
References 
[1] S. Mukhopadhyay, An optical conversion system: From binary to decimal and decimal to binary, Opt. 
Commun. 76 (1990) 309–312. https://doi.org/10.1016/0030-4018(90)90257-T. 
[2] E. Yablonovitch, Inhibited spontaneous emission in solid-state physics and electronics, Phys. Rev. Lett. 58 
(1987) 2059–2062. https://doi.org/10.1103/PhysRevLett.58.2059. 
[3] E. Yablonovitch, T.J. Gmitter, K.M. Leung, Photonic band structure: The face-centered-cubic case 
employing nonspherical atoms, Phys. Rev. Lett. 67 (1991) 2295–2298. 
https://doi.org/10.1103/PhysRevLett.67.2295. 
[4] M.H. Sani, A.A. Tabrizi, H. Saghaei, R. Karimzadeh, An ultrafast all-optical half adder using nonlinear ring 
resonators in photonic crystal microstructure, Opt. Quantum Electron. 52 (2020) 107. 
https://doi.org/10.1007/s11082-020-2233-x. 
[5] Y.C. Jiang, S. Bin Liu, H.F. Zhang, X.K. Kong, Realization of all optical half-adder based on self-collimated 
beams by two-dimensional photonic crystals, Opt. Commun. 348 (2015) 90–94. 
https://doi.org/10.1016/j.optcom.2015.03.011. 
[6] C.M. Soukoulis, Photonic Crystals and Light Localization in the 21st Century, Springer Science & Business 
Media, 2001. https://doi.org/10.1007/978-94-010-0738-2. 
[7] K. Sakoda, Optical Properties of Photonic Crystals, Springer Science & Business Media, 2001. 
[8] B.F. Diaz-Valencia, J.M. Calero, Photonic band gaps of a two-dimensional square lattice composed by 
superconducting hollow rods, Phys. C Supercond. Its Appl. 505 (2014) 74–79. 
https://doi.org/10.1016/j.physc.2014.07.012. 
[9] H. Alipour-Banaei, M. Hassangholizadeh-Kashtiban, F. Mehdizadeh, WDM and DWDM optical filter based 
on 2D photonic crystal Thue-Morse structure, Optik (Stuttg). 124 (2013) 4416–4420. 
https://doi.org/10.1016/j.ijleo.2013.03.027. 
[10] H. Saghaei, A. Zahedi, R. Karimzadeh, F. Parandin, Line defects on photonic crystals for the design of all-
optical power splitters and digital logic gates, Superlattices Microstruct. 110 (2017) 133–138. 
https://doi.org/10.1016/j.spmi.2017.08.052. 
[11] M.R. Rakhshani, M.A. Mansouri-Birjandi, Realization of tunable optical filter by photonic crystal ring 
resonators, Optik (Stuttg). 124 (2013) 5377–5380. https://doi.org/10.1016/j.ijleo.2013.03.114. 
[12] S. Naghizade, S.M. Sattari-Esfahlan, Excellent Quality Factor Ultra-Compact Optical Communication Filter 
on Ring-Shaped Cavity, J. Opt. Commun. 40 (2019) 21–25. https://doi.org/10.1515/joc-2017-0035. 
[13] S. Naghizade, S.M. Sattari-Esfahlan, Loss-less elliptical channel drop filter for WDM applications, J. Opt. 
Commun. 40 (2017) 379–384. https://doi.org/10.1515/joc-2017-0088. 
[14] M. Ebnali-Heidari, H. Saghaei, F. Koohi-Kamali, M. Naser Moghadasi, M.K. Moravvej-Farshi, Proposal 
for Supercontinuum Generation by Optofluidic Infiltrated Photonic Crystal Fibers, IEEE J. Sel. Top. 
Quantum Electron. 20 (2014). https://doi.org/10.1109/JSTQE.2014.2307313. 
[15] H. Saghaei, Dispersion-engineered microstructured optical fiber for mid-infrared supercontinuum 
generation, Appl. Opt. 57 (2018) 5591. https://doi.org/10.1364/ao.57.005591. 
[16] H. Saghaei, M. Ebnali-Heidari, M.K. Moravvej-Farshi, Midinfrared supercontinuum generation via 
As_2Se_3 chalcogenide photonic crystal fibers, Appl. Opt. 54 (2015) 2072. 
https://doi.org/10.1364/ao.54.002072. 
[17] H. Saghaei, A. Ghanbari, White light generation using photonic crystal fiber with sub-micron circular lattice, 
J. Electr. Eng. 68 (2017) 282–289. https://doi.org/10.1515/jee-2017-0040. 
[18] A. Kowsari, H. Saghaei, Resonantly enhanced all-optical switching in microfibre Mach–Zehnder 
interferometers, Electron. Lett. 54 (2018) 229–231. https://doi.org/10.1049/el.2017.4056. 
[19] F. Mehdizadeh, M. Soroosh, H. Alipour-Banaei, An optical demultiplexer based on photonic crystal ring 
resonators, Optik (Stuttg). 127 (2016) 8706–8709. https://doi.org/10.1016/j.ijleo.2016.06.086. 
[20] S. Naghizade, S.M. Sattari-Esfahlan, High-performance ultra-compact communication triplexer on silicon-
on-insulator photonic crystal structure, Photonic Netw. Commun. 34 (2017) 445–450. 
https://doi.org/10.1007/s11107-017-0702-3. 
[21] F. Mehdizadeh, M. Soroosh, A new proposal for eight-channel optical demultiplexer based on photonic 
crystal resonant cavities, Photonic Netw. Commun. 31 (2016) 65–70. https://doi.org/10.1007/s11107-015-
0531-1. 
[22] S. Naghizade, S.M. Sattari-Esfahlan, An Optical Five Channel Demultiplexer-Based Simple Photonic 
Crystal Ring Resonator for WDM Applications, J. Opt. Commun. 41 (2018) 37–43. 
https://doi.org/10.1515/joc-2017-0129. 
[23] M.R. Rakhshani, M.A. Mansouri-Birjandi, Design and simulation of four-channel wavelength demultiplexer 
based on photonic crystal circular ring resonators for optical communications, J. Opt. Commun. 35 (2014) 
9–15. https://doi.org/10.1515/joc-2013-0022. 
[24] S. Asgari, N. Granpayeh, Tunable plasmonic dual wavelength multi/demultiplexer based on graphene sheets 
and cylindrical resonator, Opt. Commun. 393 (2017) 5–10. https://doi.org/10.1016/j.optcom.2017.02.018. 
[25] F. Mehdizadeh, M. Soroosh, H. Alipour-Banaei, A novel proposal for optical decoder switch based on 
photonic crystal ring resonators, Opt. Quantum Electron. 48 (2016) 1–9. https://doi.org/10.1007/s11082-
015-0313-0. 
[26] D.M. Beggs, T.P. White, L. Cairns, L. O’Faolain, T.F. Krauss, Demonstration of an integrated optical switch 
in a silicon photonic crystal directional coupler, Phys. E Low-Dimensional Syst. Nanostructures. 41 (2009) 
1111–1114. https://doi.org/10.1016/j.physe.2008.08.034. 
[27] A. Salmanpour, S. Mohammadnejad, P.T. Omran, All-optical photonic crystal NOT and OR logic gates 
using nonlinear Kerr effect and ring resonators, Opt. Quantum Electron. 47 (2015) 3689–3703. 
https://doi.org/10.1007/s11082-015-0238-7. 
[28] M.M. Karkhanehchi, F. Parandin, A. Zahedi, Design of an all optical half-adder based on 2D photonic 
crystals, Photonic Netw. Commun. 33 (2017) 159–165. https://doi.org/10.1007/s11107-016-0629-0. 
[29] S. Naghizade, S. Mohammadi, H. Khoshsima, Design and simulation of an all optical 8 to 3 binary encoder 
based on optimized photonic crystal OR gates, J. Opt. Commun. (2018). 
[30] A. Rostami, G. Rostami, Full optical analog to digital (A/D) converter based on Kerr-like nonlinear ring 
resonator, Opt. Commun. 228 (2003) 39–48. https://doi.org/10.1016/j.optcom.2003.09.085. 
[31] A. Tavousi, M.A. Mansouri-Birjandi, M. Saffari, Successive approximation-like 4-bit full-optical analog-
to-digital converter based on Kerr-like nonlinear photonic crystal ring resonators, Phys. E Low-Dimensional 
Syst. Nanostructures. 83 (2016) 101–106. https://doi.org/10.1016/j.physe.2016.04.007. 
[32] K. Fasihi, All-optical analog-to-digital converters based on cascaded 3-dB power splitters in 2D photonic 
crystals, Optik (Stuttg). 125 (2014) 6520–6523. https://doi.org/10.1016/j.ijleo.2014.08.030. 
[33] F. Mehdizadeh, M. Soroosh, H. Alipour-Banaei, E. Farshidi, All optical 2-bit analog to digital converter 
using photonic crystal based cavities, Opt. Quantum Electron. 49 (2017) 38. https://doi.org/10.1007/s11082-
016-0880-8. 
[34] B. Youssefi, M.K. Moravvej-Farshi, N. Granpayeh, Two bit all-optical analog-to-digital converter based on 
nonlinear Kerr effect in 2D photonic crystals, Opt. Commun. 285 (2012) 3228–3233. 
https://doi.org/10.1016/j.optcom.2012.02.081. 
[35] M. Ghadrdan, M.A. Mansouri-Birjandi, Concurrent implementation of all-optical half-adder and AND & 
XOR logic gates based on nonlinear photonic crystal, Opt. Quantum Electron. 45 (2013) 1027–1036. 
https://doi.org/10.1007/s11082-013-9713-1. 
[36] S.C. Xavier, K. Arunachalam, E. Caroline, W. Johnson, Design of two-dimensional photonic crystal-based 
all-optical binary adder, Opt. Eng. 52 (2013) 025201. https://doi.org/10.1117/1.oe.52.2.025201. 
[37] A. Rahmani, F. Mehdizadeh, Application of nonlinear PhCRRs in realizing all optical half-adder, Opt. 
Quantum Electron. 50 (2018) 30. https://doi.org/10.1007/s11082-017-1301-3. 
[38] Q. Liu, Z.B. Ouyang, All-optical half adder based on cross structures in two-dimensional photonic crystals, 
Guangzi Xuebao/Acta Photonica Sin. 37 (2008) 46–50. https://doi.org/10.1364/oe.16.018992. 
[39] A. Heydari, A. Bahrami, All-optical half adder based on photonic crystals for BPSK signals, Opt. Quantum 
Electron. 50 (2018) 1617–1621. https://doi.org/10.1007/s11082-018-1477-1. 
[40] S. Johnson, J. Joannopoulos, Block-iterative frequency-domain methods for Maxwell’s equations in a 
planewave basis, Opt. Express. 8 (2001) 173. https://doi.org/10.1364/oe.8.000173. 
[41] S.D. Gedney, Introduction to the Finite-Difference Time-Domain (FDTD) method for electromagnetics, 
Synth. Lect. Comput. Electromagn. 27 (2011) 1–250. 
https://doi.org/10.2200/S00316ED1V01Y201012CEM027. 
[42] H. Saghaei, P. Elyasi, R. Karimzadeh, Design, fabrication, and characterization of Mach–Zehnder 
interferometers, Photonics Nanostructures - Fundam. Appl. 37 (2019) 100733. 
https://doi.org/10.1016/j.photonics.2019.100733. 
[43] M. Qiu, Effective index method for heterostructure-slab-waveguide-based two-dimensional photonic 
crystals, Appl. Phys. Lett. 81 (2002) 1163–1165. https://doi.org/10.1063/1.1500774. 
[44] S. Serajmohammadi, H. Alipour-Banaei, F. Mehdizadeh, Proposal for realizing an all-optical half adder 
based on photonic crystals, Appl. Opt. 57 (2018) 1617–1621. 
[45] E.H. Shaik, N. Rangaswamy, Design of all-optical photonic crystal half adder with T-shaped waveguides 
using path difference based interference, in: Prog. Electromagn. Res. Symp., IEEE, 2017: pp. 2596–2602. 
https://doi.org/10.1109/PIERS-FALL.2017.8293574. 
 
